Sequence determination of the env gene and joining regions of F-MCFV. Comparison of the restriction enzyme maps of pFM54B (31) and pF-MuLV57 (20, 31) indicated that the env gene and LTR of pFM54B were located within a region ranging from the single SphI site to the HindlIl site in the gag gene. A detailed restriction enzyme analysis of this region was performed (Fig. 1C) . Nucleotide sequences of the 3' terminus of the pol gene, the env gene, and the LTR of pFM54J3 were determined by using the method of Maxam and Gilbert (26) . The sequencing strategy is shown in Fig.  1C . The env-specific PstI insert of pFM1 (about 1,400 bp) was mapped by digestion with restriction endonucleases (Fig. 1B) . Comparison of the restriction enzyme maps of pFM1 (Fig. 1B) and pFM54B ( Fig. 1C) suggested that pFM1 contained the region coding for gp7O of F-MCFV. The PstI insert of pFM1 was sequenced according to the method of Maxam and Gilbert (26) . The sequencing strategy is shown in Fig. 1B . The env-specific PstI insert of pFM2 (about 400 bp) was recloned into the PstI site of ml3mp8 replicativeform DNA. Both strands of the insert were sequenced by using the method of Sanger et al. (43) . Comparison of the overlapping sequences of pFM2 and pFM1 revealed that both clones were identical in this region (see below). Thus, we assumed that pFM1 and pFM2 are derived from identical F-MCFV genomes. In addition to the sequence coding for the amino terminus of gp7O, pFM2 contains the region coding for the peptide leader of the env polyprotein. A restriction enzyme map of the PstI insert of pFM2 is shown in Fig. 1A . The nucleotide sequences of the envelope genes and joining regions of pFM54B and pFM1/pFM2 are shown in Fig. 2 .
Sequence determination of the LTR of F-MuLV and of a region 5' to the env gene. Restriction enzyme maps of the 3'-terminal portion of the pol gene, the env gene, the LTR of FMuLV, and the nucleotide sequence of the env gene of FMuLV have been published before (20, 24, 31, 32) . We determined the sequence of the 3' terminus of the pol gene and the sequence of the LTR of pF-MuLV57. The restriction enzyme maps and the sequencing strategies for these regions are shown in Fig. 1D .
3'-Terminal portion of the pol gene of F-MCFV (pFM54B) and F-MuLV. Figure 3 shows the nucleotide sequences of the 3'-terminal regions of the pol genes and the 5'-terminal regions of the env genes of F-MCFV (pFM54B) and FMuLV. The pol gene and env gene overlap by 58 nucleotides (19 1/3 codons) in both viral genomes. Within the overlapping region of pol and env genes, there are 13 differences in the nucleotide sequences of F-MCFV and F-MuLV. These differences lead to 12 amino acid differences in the frame coding for the env polypeptide but to only 3 differences in the frame coding for the DNA polymerase. Thus, the carboxyterminal region of the polymerase is conserved to a higher degree than the amino terminus of the env polypeptide.
LTRs of F-MCFV and F-MuLV. Retroviral LTRs appear to contain sequences that control synthesis of progeny viral RNA and viral mRNA, reverse transcription of viral RNA by DNA polymerase, and integration of viral DNA into cellular DNA and contribute to the pathogenic potential of retroviruses (8, 33, 51, 52) . In addition, U3 sequences can influence the tissue tropism exhibited by some murine leukemia viruses (4, 9) . Presumably, these sequences contain tissue-specific transcriptional enhancers which control the level of viral gene expression in different target cells. LTRs of several species of retroviruses differ in size and nucleotide sequence (6, 10, 18, 48, 49, 56) . Despite these differences, certain nucleotide sequences which are believed to be important for the functions mentioned above are present in the LTRs of different virus species (8, 51, 52) .
We sequenced the LTRs of F-MCFV (pFM54B) and FMuLV (pF-MuLV57) ( Fig. 2 and 4 ). By comparison with known sequences, we localized the regions U3-R-U5, where U3 and U5 designate unique sequences originating from the 3' and 5' ends, respectively, of viral RNA and R designates a sequence of viral RNA that is redundant at both ends. The nucleotide sequences of the LTRs of F-MCFV and F-MuLV were very similar to the sequences obtained for other murine 830 KOCH ET AL. which are found as an inverted repeat at the 3' termini of the U5 regions. This inverted repeat is also contained in the LTRs of several other murine (3, 6, 11, 15, 22, 46) and feline (11, 15) retroviruses. The U3 of F-MuLV contains a stretch of 65 nucleotide pairs which is repeated in tandem. As suggested for similar direct repeat sequences in the U3 of other retroviruses, this region presumably has an enhancer function for effective expression of the proviral DNA (8, 52) . F-MCFV contains no direct repeat. The 3' portion of the direct repeat of F-MuLV has an insert of nine nucleotide pairs which is part of a small, nearly perfect direct repeat.
A , inverted repeats at the ends of the LTRs; 2 and 3, direct repeats in the U3 of F-MuLV; 4, CAT box; 5, putative Z-DNA segment; 6, TATA box; 7, polyadenylation signal; 9, primer binding site for minus-strand synthesis; 10, splice donor site for generation of subgenomic 21S mRNA. Abbreviations: CHO, potential glycosylation site; A, AccI; Ba, BamHI; Bg, Bgll; Cf, CfoI; Cl, ClaI; E, EcoRI; H, HindIII; K, KpnI; M, MboII; Ps, PstI; (Ps), PstI site generated by cloning; Pv, PvuII; Sm, SmaI; Sp, SphI; SI, Sstl; SII, SstIl; T, TthlllI; X, XbaI.
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Su ( (4, 9) . The differences in the LTRs described above may be the molecular basis for these properties. Friend SFFV (F-SFFV) is an erythroleukemiainducing virus. The LTR of F-SFFV (6) is nearly identical to the LTR of F-MCFV (comparison not shown). Therefore, the LTR sequence differences between F-MCFV and the Moloney viruses could be determinants of erythroid versus lymphoid virally induced leukemia. However, when the LTR sequence of AKR MCF247 (a virus which accelerates T-cell leukemia in AKR mice) (19) was also examined (comparison not shown), only some of these nucleotide differences remained. These sequences are indicated by an arrow in Fig. 4 .
Comparison of the env genes of pFM54B and pFMI/pFM2. Figure 2 shows the composition of the nucleotide sequences obtained for the F-MCFV clones pFM54B, pFM1, and pFM2. The sequence of pFM54B has one large open reading frame consisting of 2,028 nucleotides. This frame starts at nucleotide 28 and terminates at position 2055 with two stop condons. The amino acid sequences for this reading frame starting at the first ATG codon are also shown in Fig. 2 .
The sequence coding for the peptide leader of the env polyprotein in pFM54B and pFM2 consists of 32 codons. There are seven nucleotide differences in this region of these MCFV clones, five of which give rise to a change in the corresponding amino acid. The open reading frame which encodes gp70 encompasses 1,197 nucleotides (399 codons) in pFM54B and 1,224 nucleotides (408 codons) in pFM1/pFM2. In the sequence coding for the proline-rich region (PR) of gp70 (see below), 27 nucleotides (nine codons) are deleted in pFM54B at position 978. In the gp7O's of pFM54B and pFM1, 103 (8.6%) nucleotide differences exist leading to 33 (8.3%) amino acid changes (including the deletion of 27 nucleotides). Nineteen of these nucleotide changes (11 amino acid changes) are situated in the env sequence from the initiation codon up to the end of the PR (differential region, see below), whereas 84 nucleotide changes (22 amino acid changes) occur in gp7O downstream of the PR.
The 27 nucleotides in the PR of pFM1 which are deleted from pFM54B are present in other polytropic viruses (3, 25; C. Holland, personal communication) and in F-SFFV (1, 6, 58) . Interestingly, this deletion in pFM54B gives a portion of the PRs which are different in F-MCFV and F-MuLV (positions 943 to 963 in pFM54B in Fig. 5A ) the exact same length between stretches which are homologous in the two env genes. In vitro recombinants of F-MuLV containing the env gene of pFM54B yielded infectious but nonpathogenic virus (unpublished data). It is possible that this deletion is responsible for the nonpathogenicity of this clone. Experiments are in progress to test the importance of these deleted sequences in causing disease.
Comparison of the env genes and env polypeptides of F-MCFV and F-MuLV. Figures SA and B show the 3' termini of the pol and env genes of F-MCFV (pFM54B) and FMuLV (pF-MuLV57). Also shown are the amino acid sequences of the env polypeptides. Alignment was performed to obtain maximal homology of the two nucleotide sequences.
Comparison of the nucleotide sequences of F-MCFV (pFM54B) and F-MuLV show identical sequences in the pol gene of both viruses up to nucleotide 36 chain of F-MuLV (675 amino acids). Most of the differences uncharged, mostly apolar amino acids is found. The conserin the env polypeptides of F-MCFV and F-MuLV are located vation of this hydrophobic region points to the important in the leader peptide and in gp7O, whereas p15e'7' is highly function of the signal peptide in the excretion of the env conserved. The proposed signal peptides of the env precurpolypeptide through cell membranes. sor polypeptides of F-MCFV and F-MuLV consist of 32 and
The signal peptide cleavage site of the F-MuLV precursor 34 amino acids, respectively. The nucleotide and amino acid polypeptide has been determined (23) , whereas this site is sequences of the F-MCFV leader peptide are very different not known for F-MCFV. In Rauscher MCFV, the mature from those of the parental F-MuLV. However, in this gp7O polypeptide chain starts with NH2-Val-Gln-His-Asp portion of the env polypeptide of both viruses, a stretch of (44) . We therefore assume that the mature gp7O of F-MCFV 510 ArgGluArgLeuThrGinArgGInLysLeuPheGluSerSerGInGlyTrpPheGluGlyLeuPheAsnArgSerProTrpPheThrThr 556 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * (20) . The two nucleotide sequences were aligned to obtain maximal homology. Asterisks indicate identical amino acids in F-MuLV with respect to F-MCFV. Gaps (Fig. 5A) . We call the env gene sequence up to position 963 in F-MCFV the differential region, since only a few stretches of identity between F-MCFV and F-MuLV can be detected (boxes in Fig. 5A ).
Starting at amino acid 239 in F-MCFV, the carboxyterminal regions of gp7O in F-MCFV and F-MuLV are very similar (Fig. SB) . In this constant region, only two stretches with significant differences (boxes in Fig. 5B ) are present.
The env precursor polypeptides of F-MCFV, F-MuLV (20) , and other mammalian retroviruses (3, 11, 22, 46; Wunsch et al., in press) contain stretches of uncharged, mostly nonpolar amino acids located in homologous regions. The apolar regions of F-MCFV are underlined in Fig. 2 . Some of these regions could allow polypeptides to penetrate through or integrate in cellular and viral membranes according to the model proposed by Lenz et al. (22) .
Possible role of the PR of gp7O. The gp7O's of all MCFVs and MuLVs examined to date and the gp52 of F-SFFV contain a region strongly enriched in proline residues (PR) at the carboxy terminus of the differential region. In (20) (hypervariable region of ecotropic gp70's; see below). As discussed previously (20) , the different amino acid sequences of the PRs of the gp7O's of ecotropic MuLVs could allow these viruses to interact with specific receptors, thus defining the host range of these viruses.
The PR of clone pMo-MCF-16 (3) of the lymphatic leukemia-inducing M-MCFV and the PR of clone pFM1 of the erythroleukemia-inducing F-MCFV are nearly identical. Therefore, we can exclude the possibility that this region is involved in determining the histological type of disease caused by MCFVs. Rather, the PR might be responsible for the polytropic host range of the MCFVs. It could carry the sequences utilized by xenotropic and polytropic viruses for (36, 38) would clarify this point.
Comparison of the amino acid sequences of env polypeptides of different viruses. Figure 7 shows a comparison of the amino acid sequences of the env polypeptides of F-MCFV (pFM54B, pFM1, and pFM2), M-MCFV (3), F-SFFV (6, 58) and F-MuLV (20) . The sequences of the env polypeptides of the MCFVs and F-SFFV have a high degree of similarity. As described above, the sequence of the F-MuLV env polypeptide ranging from the leader peptide to the carboxy terminus of the PR is dissimilar with respect to the MCFV and F-SFFV sequence (differential region; Fig. 5A ). F-MuLV and these other viruses have very similar polypeptide sequences from the carboxy terminus of the PR region up to the end of pl5env (constant region; Fig. SB) . At the carboxy terminus, the p15enl-related sequence of F-SFFV gp52 is 33 amino acids shorter than the plSenV of F-MCFV, M-MCFV, and FMuLV. The carboxy-terminal six amino acids of gp52 are different with respect to the plSenvl of the other viruses, which have a common sequence in this region.
Localization of possible glycosylation sites. Asn-X-Thr/Ser sequences are known to be possible sites for glycosylation of retroviral polypeptides (13, 29) . Glycosylation sites within the env gene products are highly conserved within different host range classes of mammalian retroviruses (3, 11, 20, 22, 46; Wunsch et al., in press). This argues for a strong selective pressure in favor of their conservation. The gp70's of F-MCFV, M-MCFV, and F-MuLV carry six potential glycosylation sites in homologous positions (boxes in Fig. 7) . The three amino-terminal sites are also contained in gp52 of F-SFFV, whereas the three carboxy-terminal sites are deleted in F-SFFV. F-MCFV has one additional possible glycosylation site (at amino acid 26) shared by F-MCFV and F-SFFV and one site (at amino acid 332) not found in M-MCFV or F-SFFV. F-MuLV has two additional sites (at amino acids 168 and 266) not found in these other viruses. Whether all of the potential sites in the gp7O's and gp52 are glycosylated is unknown at present. The sequence Asn-ArgSer in plSenv of the env polypeptides of murine retroviruses is not glycosylated (28, 37, 57) .
General structure of the env gene. Comparison of murine retrovirus env genes and their products shows that they are composed of clearly distinguishable regions (Fig. 5A , 5B, and 7). The sequence between the amino terminus of the leader peptide and the end of the PR is highly conserved within the polytropic group of viruses and within the ecotropic viruses but very different between polytropic and ecotropic viruses (differential region). The remainder of the env polypeptide is composed of a region which is very similar between polytropic and ecotropic viruses (constant region). A comprehensive view of the elements of the env polypeptide is given in Fig. 8 . As described above, the PR is located at the border of the differential and constant regions. In the env polypeptides of all ecotropic mouse viruses studied so far, the PR is the only larger segment with considerable variability. The total env polypeptide seems, therefore, to consist of the following elements: differential region (without PR), PR, and constant region. The structure of the env polypeptide is reminiscent of the structure of the immunoglobulins which consist of sepa- (46) and Akv (22) and in the gp52 of F-SFFV (6, 58) . The standard one-letter amino acid code is used. Dots indicate identical amino acids with respect to F-MCFV clone pFM1. Proline residues are underlined. Gaps have been introduced to allow optimal alignment. The numbering of the amino acids of the individual sequences refers to their positions in gp7O (or gp52). rate genetic elements: variable region, PR (hinge), and constant region (17, 55) .
It has been suggested recently (Wunsch et al., in press) that the constant portions of gp7O and p15e?l' of mammalian retroviruses are two separate genetic elements which together with the N-terminus of the differential region can be traced to a common short primordial env-related gene. We have proposed that the present day env gene has been generated by at least two tandem duplications of this primordial env-related genetic element and by additional recombinational exchanges and mutations. (Fig. 7 and Table 2) .
We compared all of the available data on amino acid sequences of the env polypeptides of murine retroviruses which cause either lymphatic leukemia or erythroleukemia. (20) , and the env-related polypeptide of F-SFFV (6, 58) . The standard one-letter amino acid code is used. Sequences are aligned to obtain maximal identity. Comparison of nucleotide sequences helped find proper alignment in some parts. Gaps have been introduced to allow optimal alignment. Dots indicate identical amino acids with respect to F-MCFV (pFM54B). Possible glycosylation sites are enclosed in boxes.
The following differences can be found among the clones listed in Table 2 (differences between the F-MCFV clones pFM1/pFM2 and pFM54B were regarded as not significant and not taken into consideration; positions refer to pFM54B of Fig. 7 We localized several nucleotide positions in the LTRs of different viruses which seem to be characteristic of either lymphatic leukemia-or erythroleukemia-inducing viruses (see above). However, additional biological tests with in vivo-or in vitro-generated recombinant viruses will be necessary to determine the exact role these regions play in determining pathogenicity and disease specificity.
